Background Accurate and precise preoperative planning can provide information instrumental for performing less invasive articular fracture surgery. The purpose of this study was to determine that computer-assisted preoperative planning (CAPP) has the potential to improve efficiency and time in the operating room. Methods Sixty-four patients with proximal humeral fractures were treated using locking plates by minimally invasive plate osteosynthesis (MIPO) with CAPP. The time needed for virtual segmentation, reduction, and fixation of the fracture fragments were recorded. Intra and interobserver reliabilities were analyzed using the intraclass correlation coefficient. The clinical function was analyzed using Constant Score and radiology. Results The mean total time required for CAPP of two-part, three-part, and four-part proximal humeral fractures were (13.63±1.38) minutes, (23.14±2.18) minutes, and (39.61±3.01) minutes, respectively. The intra and interobserver reliabilities for all variables were high, ranging from 0.785 to 0.992. The mean operation time was (50.1±6.7) minutes. Fiftytwo patients were followed up with an average time of 34.2 months. The mean Constant Score of the injury side was (82.5 ± 9.9). Three of the fifty-two patients had four complications. Conclusion The application of CAPP was efficient and reliable, and provided excellent clinical and radiographic outcomes for the treatment of proximal humerus fractures by MIPO.
P roximal humeral fractures account for approximately 5% of all fractures. 1 More than 70% of patients with these fractures are older than sixty years of age, and 75% are women. 2, 3 In the elderly population, most of these fractures are related to osteoporosis. 4 In the future, the incidence of this osteoporosis-related fracture will increase along with the aging of the society. 5 Besides anatomic reduction, a major goal of the head preserving procedures is to achieve high primary stability, allowing early functional treatment postoperatively. This is hard to obtain in osteopenic bone, which makes the surgical treatment of the most complex fractures of the proximal humerus a challenge. 6 Recently, the use of mono-and poly-axial locking plate systems for the treatment of displaced three and fourfragment fractures has become increasingly frequent. Furthermore, minimally invasive plate osteosynthesis (MIPO) with locking plate systems became practicable. Minimally invasive surgical procedures are expected to minimize soft tissue injury, reduce postoperative pain and periarticular adhesions, and attain better joint functions. [7] [8] [9] [10] [11] However, the MIPO technique is generally considered very difficult to perform. The reduction is often less than perfect, most notably at the tuberosities and some common complications may occur, including varus malunion, secondary dislocation of the greater tuberosity, inadvertent joint penetration, cutting-out of screws, subacromial impingement, infection, and avascular necrosis. [12] [13] [14] [15] Preoperative planning takes an important position in the orthopedic surgery. Accurate and precise preoperative planning can provide information instrumental to performing less invasive articular fracture surgeries. 16 In the past couple of decades, multiple methods of preoperative planning based on radiology and computer technology have been employed, and favorable results have been reported in the reduction and osteosynthesis of extremity, pelvic, and acetabular fractures. [17] [18] [19] [20] [21] [22] [23] It was reported that accurate plate and screw placement as well as fracture reduction could be achieved using preoperative planning methods. However, the application of computer-assisted preoperative planning (CAPP) technique for orthopedic trauma had poor repeatability and required more time because of its complex and cumbersome process, which requires several sets of software and too much manual manipulation. [24] [25] [26] [27] Hence, the time requirement and reliability may be a current deterrent for its use in the clinical setting. [27] [28] [29] The purpose of this study was to determine the efficiency and reliability of a novel CAPP system, and determine the clinical outcome in the treatment of proximal humeral fractures using locking plates by MIPO with CAPP. Thus, we may understand the role virtual surgical techniques play in the reduction and internal fixation of proximal humeral fractures.
METHODS

Study population
This study was based on a series of 91 consecutive patients with 94 proximal humeral fractures who were operated during April 2009-June 2011. According to the inclusion and exclusion criteria (Table 1) , twenty-seven patients with 30 proximal humeral fractures were excluded. Sixtyfour patients with 64 proximal humeral fractures were treated with locking plates system by the MIPO technique after CAPP. Forty-one of the patients were female and 23 were male. The average age of the patients was 68.5 years (range, 51-88 years). The left side was involved in 26 cases, whereas the right side was involved in 38 cases. The mechanism of injury was high-energy injury in 18 patients and low-energy injury in 46 patients. The Neer ' s classification system of the fractures was confirmed intraoperatively. 30 Sixteen of the fractures were two-part, 35 were three-part, and 13 were four-part. The study was performed according to the principles of the Declaration of Helsinki. The study protocol was approved by the local ethics committee, and informed consent was obtained from all the study participants.
Radiology technique
Anteroposterior (AP) and axillary view X-rays for proximal humeral fractures were obtained. Computed tomography (CT) scans were performed using a 16-detector spiral CT scanner (GE LightSpeed CT, GE Healthcare, Milwaukee, WI, USA). CT imaging parameters for plain scanning images were as follows: section thickness 0.625 mm, tube voltage 120 kV, pitch 1.375, and matrix 512 × 512. All of the data were reviewed retrospectively by a musculoskeletal radiologist and a trauma surgeon and were saved in the Digital Imaging and Communication in Medicine (DICOM 3.0) format.
Computer-assisted preoperative planning
Thin-slice CT axial images of all the subjects were input into the CAPP system (SuperImage Orthopedics Edition 1.0, Cybermed Ltd, Shanghai, China). 31, 32 The software was developed using Java on NetBeans (Sun Microsystems, Inc., Santa Clara, CA, USA) and OpenInventor (Mercury Computer Systems/TGS Unit, San Diego, CA, USA) platforms. Two-dimensional (2D) and three-dimensional (3D) images of the fracture zone of the proximal humerus were reconstructed by multiple planar reconstruction (MPR) and volume rendering technology (VRT) respectively. The CAPP steps were designed as follows ( Figure 1 ).
Fracture fragments segmentation
3D images of the proximal humeral fractures were reconstructed by a surface shaded display (SSD) algorithm with a reconstruction interval of 0.625 mm. The density threshold was 150 H, and the automatic removal of the image size was <500 mm 3 . The 3D interactive and automatic segmentation technique was applied, such that the operator could distinguish all fracture fragments in the 3D SSD image. Different colors could be assigned to the different fracture fragments ( Figure 2 ).
Simulated reduction
Simulated reduction was obtained using a semi-automatic fragment reconstruction approach in the 3D SSD image. Fracture fragments were reduced automatically by manually selecting three characteristic points on each fragment. When the corresponding characteristic points were selected, the fragments were dragged and rotated into correct anatomical positions automatically. Occasionally, the users had to do some additional fine adjustment for the positions (Figure 3 ). Figure 3 . The virtual reduction was simulated by signing three characteristic points on the virtual fracture fragments manually. According to the one-to-one anatomic relationship between the humeral head (points A, B, and C) and the humeral shaft (Points a, b, and c), the points were matched automatically (3A-C). Figure 4 . Virtual fixation was simulated by choosing appropriate plate and screws from the internal fixation device database in the software system. 4A and 4B: The PHILOS plate was placed and screws were inserted through the plate holes following designed trajectories. 4C and 4D: The reduction and internal fixation for proximal humeral fractures were achieved. The size of the plate and the length of the screws could be obtained with 3D measurements. Figure 5 . The surgical treatment of proximal humeral fractures according to the computer-assisted preoperative planning. 5A: The preoperative X-ray showing a three-part proximal humeral fracture. 5B-5D: The postoperative X-ray and 3D VRT images indicating that the proximal humeral fracture was reduced and fixated satisfactorily with MIPO, and consistent with the preoperative planning.
Internal fixation device selection and simulated implantation
The appropriate plates were chosen from the internal fixation devices database of the system with the advanced AO principles and guidelines for clinical application of the locking plate. 33 Implantation was simulated using a semiautomatic approach in the 3D SSD image. The screws to be used were inserted into the plate. The accurate length of the screws used was recorded ( Figure 4) .
Test reliability and reproducibility
The intraclass correlation coefficient (ICC) was used to test for reliability at a desired lower limit of 0.8 and a 95% confidence interval (CI) of 0.2. The intraobserver reproducibility and interobserver reliability of the time needed for CAPP were assessed. Three orthopedic trauma surgeons (YC, HD, and KZ) with clinical experience of 14, 10, and 3 years, respectively, performed the preoperative planning independently. All designers finished all the preoperative planning steps of 64 subjects. To determine intraobserver reliability, the main designer (YC) repeated the steps for 32 subjects with an interval of 24 hours. The time needed for fracture fragments segmentation, for virtual fracture reduction, and for virtual fixation as well as the total time needed for the three CAPP steps were recorded.
Operative technique
In this study, the main author, YC, designed a standardized procedure for the surgical treatment of displaced humeral head fractures according to the CAPP ( Figure 5 ). In some cases, more cortical screws instead of locking screws were used to fix the plate to the humeral shaft. The operations were done with the patients in a beach-chair position. The standardized steps of the procedure are as follows:
A 3-5-cm mid-lateral skin incision was performed 1 cm distal to the lateral border of the acromion, avoiding deltoid detachment.
The axillary nerve was identified by the index finger in the bursa subdeltoidea and its course was marked on the skin.
The fractures (including greater tuberosity) were reduced and temporarily fixed using a Kirschner wire that was drilled obliquely from the proximal lateral part (through the tip of the greater tuberosity) to the medial part of the proximal humeral shaft.
The PHILOS (Synthes, Stratec Medical Ltd, Mezzovico, Switzerland) plate or NCB-PH (Zimmer, Inc., Warsaw, IN, USA) plate was selected according to the CAPP and inserted below the nerve and temporarily fixed to the humeral head and shaft.
A displaced greater tuberosity in some cases was fixed by fiber wire through the holes of the plate or cerclage.
Post-operative rehabilitation
A broad arm sling was used for 48 hours. Then, physical therapy was performed lasting approximately 12 weeks. The physical therapy program included initial pendular movements, active assisted exercises, and then three weeks' active exercises. No other form of external protection such as cast or brace was used.
Outcome evaluation
The operative time, operative blood loss, and length of stay were recorded. Standardized follow-up examination at 2 weeks, 6 weeks, 3 months, 6 months, and 12 months postoperatively and yearly thereafter included both radiologic examinations and clinical outcome analysis by the Constant-Murley shoulder score, 34 visual analogue scale (VAS) for pain and shoulder mobility, and the patients' activities of daily living (ADL) score. All perioperative complications related to the operative technique and the general surgical course were registered.
Statistical analysis
Statistical analysis was carried out using the software SPSS 18.0 for Windows (PASW Statistics, IBM, Chicago, IL, USA). Intraobserver reproducibility and interobserver reliability were analyzed using the ICC. The 95% CI that was determined in the setting of a single measurement and absolute agreement, as a two-way random model was selected. Normal distribution data were represented with mean ± standard deviation. Statistical analysis was performed using the Kruskal-Wallis test for the time needed for CAPP in three groups. A P value less than 0.05 was considered statistically significant.
RESULTS
Computer-assisted preoperative planning
Three-dimensional reconstruction, segmentation, simulated reduction, and fixation were achieved in all cases. The intra and inter-observer reliabilities for the time needed of all variables were high, ranging from an ICC of 0.785 to 0.992 ( Figure 6 ). The time needed for each stage and the overall performance was showed in Figure 7 . Significant differences at all stages and the total time needed for the three CAPP steps among the two-part, three-part, and fourpart groups were observed (P <0.05). The mean total time required for the CAPP of two-part, three-part, and four-part groups were (13.63 ± 1.38) minutes (range, 11.60-15.90 minutes), (23.14 ± 2.18) minutes (range, 19.00−28.90 minutes), and (39.61 ± 3.01) minutes (range, 34.20−45.20 minutes), respectively.
Operative treatment
Operations had been successfully implemented in all patients, including 55 cases with the PHILOS plate and nine cases with the NCB-PH plate, which was somewhat inconsistent with the preoperative plan. The preoperative original plan indicated that the PHILOS plates would be used in 48 cases and NCB-PH plates in 16 cases. There were a few changes in the actual position of the plates as follows: (1) positions were slightly anterior or posterior compared with the preoperative planning position and (2) fewer locking screws than cortical screws were used to fix the plate to the humeral shaft in some cases.
The mean operation time was (50.1 ± 6.7) minutes in all cases. The shortest operation lasted 32 minutes and the longest lasted 78 minutes in an 81-year-old female patient with a complex four-part fracture. The mean operative blood loss was (85.5 ± 19.5) ml (range, 50-150 ml) in all cases and no case was transfused. The mean time between trauma and surgery was (3.7 ± 1.1) days (range, 2-6 days) in all cases. Pain on the day of discharge was assessed on the VAS (0, no; 10, maximum pain) with (3.8±1.2) points on average. VAS for shoulder mobility averaged (5.5 ± 1.8) points (0, totally stiff; 10, normal mobility) ( Table  2) . No axillary nerve palsy resulting from the surgery was recorded.
Follow-up
Fifty-two cases were followed up (follow-up rate 81%), and the mean time was (34.2 ± 8.1) months (range, 18−48 months) after surgery. At the most recent follow-up, the VAS for pain was 1.6 points on average and for function 7.9 points. The contralateral side was evaluated with 0.3 points for pain and 8.7 points for function. Patients reported a level of 26.3 ± 5.1 out of 30 points on the ADL score for the time before the injury. The level decreased to 15.7 ± 5.4, 6 weeks after the operation and increased to 22.8 ± 5.4 at the most recent follow-up. Six weeks after the operation, the mean Constant Score for the injury side was 52.5 ± 12.3 (range, 38−65). Six months after the operation, the level increased to 68.6 ± 14.5 (range, 54−76). At the most recent follow-up, the mean Constant Score for the injury side was 82.5 ± 9.9 (range, 62−91), and the uninjured side was 88.2 ± 8.4 (range, 76−95). The clinical outcome evaluation of the three types of fractures was shown in Table 2 .
Complications
Three (out of 52) patients had four complications ( Table 2) . Two patients (three-part and four-part each) had dislocation of the greater tuberosity. In the third case (four-part), the proximal monoaxial locking screws loosened and ischemic necrosis of the humeral head occurred. Then, the plate was removed, and treated by a joint replacement. No radiographic examination showed cutout of any screws and screw penetration into the joint or angulation of the humeral head.
DISCUSSION
The value of preoperative planning has long been recognized in orthopedic surgery, and it has become increasingly important as the technical complexity of procedures and equipment has expanded. 35 Currently, the high scanner speed and diagnostic accuracy superior to other modalities have made CT imaging the standard for evaluation of proximal humeral fractures. 36 These 2D and 3D images are complementary for fracture classification. Surgeons could identify the fracture fragments and recognize their displacement and rotation as well as their spatial relation. The use of radiographic images-based 3D reconstruction software has been recognized as an important method in CAPP. 22, 37, 38 In this study, a novel generation of one-stop image design software platform, which was based on CT datasets, was applied in the process of computer-assisted orthopedic surgery. The system applied in our study was easy to operate. Surgeons could gain proficiency in performing preoperative planning after a few hours' training. Suero et al 28 reported a virtual 3D software for planning in the tibial plateau fracture reconstruction. The method included segmentation, which needed to be performed manually by the operator slice by slice in all three planes. On average, type C fracture required as many as 4 hours for planning. Fornaro et al 29 reported testing the feasibility of preoperative surgical planning in acetabular fractures, including fracture reduction, fixation, and measurement. The median time needed to segment the osseous part of an entire pelvis and to extract a surface model was 130 minutes. In our study, the average total time required for CAPP of two-part, three-part, and four-part were 13.63, 23.14, and 39.61 minutes, respectively. These operational processes had a high repeatability ( Figure 6 ). In addition, further developments in segmentation algorithms will accelerate or even automate this task.
Surgical procedures that aim at inserting an implant into the human body are frequently planned preoperatively. The disadvantages of previous surgical planning are the limited insight into the optimal choice of surgical approach and osteosynthesis implants for internal fixation. 22, 39 Thus, surgeons still have to make some important decisions, which are based on a combination of experience and available imaging studies. Sometimes decisions should be made intraoperatively after fracture fragments were reduced. Intraoperative fluoroscopy can be used as a flexible, but restricted assessment tool. In our study, the NCB-PH plate or PHILOS plate with suitable length as well as screws with different types and specifications could be selected from the internal fixation device database in the planning system, and be used in virtual surgery. The NCB-PH plate is a poly-axial locking plate. 8, 10, 15 This titanium plate system allows the placement of three polyaxial screws in the humeral head and of four to seven polyaxial screws in the shaft. The PHILOS plate is the monolocking compression plates. 7, 11, 13, 33, 40 Compared with NCB, the PHILOS has more proximal humeral locking holes. In CAPP, it depends on the configuration of fracture fragments and the surgeon's clinical experience to choose the suitable implants and to simulate implantation.
In our study, standardized procedure for the surgical treatment of proximal humerus fractures by MIPO was developed according to the CAPP, and good functional and radiological outcomes were achieved. The results were comparable to those in published articles in which the patients were treated by the MIPO technique without preoperative planning (Table 3) . [8] [9] [10] [11] [13] [14] [15] Our study had some clinical advantages, especially with regard to surgical time, clinical outcome, and complication. In our study, virtual planning would be more or less helpful for the surgeons to improve the precision of the operative procedure.
Differences in surgical time were identified (Table 3) . In our opinion, the decreased surgical time in this study reflects the easy operation procedure. By CAPP, we had a clear observation of the 3D distribution and mutual relations of the fracture fragments, the reduction procedure, and the type and length of plate and screws to be implanted. Generally, the small surgical approach makes operations more difficult. The intention to expose the surgical field may increase the surgical time and degree of soft tissue stretch. Besides, it is inconvenient to measure the screw length through tiny incisions in the humeral shaft during MIPO surgery. Replacement of incorrectly sized screws adds to surgical time. Moreover, the position and length of the locking screws in the head of the humerus should be confirmed by repeated X-ray fluoroscopy, which may increase the operation time. Reduction of surgical trauma also improved the clinical results, such as the Constant, VAS, and ADL score ( Table 3 ). Despite the biomechanical benefits and the early promising results of locked plating by MIPO, a high incidence of complications has been reported. The literature shows rates between 4.8% and 52.2% for the implant-related or other complications (Table  3 ). In our study, the MIPO technique was applied with an overall complication rate that was considerably low.
Findings of the current study do not suggest that preoperative planning can replace the surgical experience. The purpose of the preoperative planning is to improve the efficiency and outcome of fracture care.
Our study has some limitations. First, there was no control group except for data from previous studies performed without preoperative planning. Second, CT scans are necessary for CAPP, causing radiation exposure, although it was minimized by the current technology. [41] [42] [43] Third, there were some differences between the preoperative plan and intraoperative implementation. The position of the plates may be slightly anterior or posterior and was affected by certain factors such as exposure and bleeding of the soft tissue, thereby disturbing the surgical field, neurovascular variations, and so on. In cases where additional fracture lines were discovered intraoperatively, the PHILOS plates were used for effective fixation of the proximal humerus in some patients in whom the surgeons planned to treat with the NCB-PH plate. Instead, the locking screws were applied to fix the fracture fragments that cortical screws could not fix effectively.
This study was designed to demonstrate the progress of research on CAPP tools. Our results indicate that this application of CAPP was efficient and reliable, and provided excellent clinical and radiographic outcome for the treatment of proximal humerus fractures using locking plate by the MIPO technique.
